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1 Introduction
This grant covered a period of three years, from 1 June 2015 to 31 May 2018.
We have organized this final report in three main sections, one for each year of
support. Each section provides information about research activities conducted in
the corresponding year and publication activity resulting from the research.

2 Activities

2.1 Change of Program Manager
The principal investigators were notified that as of 1 June 2016 the AFOSR Pro-
gram Manager changed from Dr. Fariba Fahroo to Dr. Jean-Luc Cambier.

2.2 Objectives
The objectives of this research did not change from the final version of the original
proposal, which proposed a three-year period of performance, 1 January 2015 –
31 December 2017, with one FTE month’s support per year for each of the two
proposers and six FTE months’ research assistant work per year. This period of
performance was revised during subsequent negotiations to the three-year period
1 June 2015 – 31 May 2018.

The main objectives were stated as follows. The acronym MOPEC means
“multiple optimization problem with equilibrium constraints,” and MPEC means
“mathematical program with equilibrium constraints.”

1. Clarify and develop the mathematical structure of deterministic MOPECs
and of subsidiary problems that arise from MOPEC use.

2. Devise, justify, and test efficient algorithms for numerical solution of the
problems in Objective 1.

3. Use the results of work under Objectives 1 and 2 to discover properties and
behavioral characteristics of MOPECs that could be helpful in designing or
regulating the systems they describe.

3
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2.3 June 2015 – May 2016
• We continued to investigate the use of optimization models within the elec-

trical power industry. Sophisticated optimization algorithms enable solu-
tions to be obtained much more efficiently. The paper [31] shows how
to build an overall optimization model that incorporates decision making
at multiple time scales. In this paper, we formulate a long-term planning
model of transmission line expansion based on balancing investment cost
and reducing consumer cost. We achieve this by formulating a hierarchi-
cal framework that is sensitive to different agents operating on different
timelines, the relationships of which may be competitive, cooperative or
somewhere in between. The advantage of this framework is that while it
captures the complexity of long-term decision making, it maintains clarity
of information flow between models, agents and timelines. For our pur-
poses, we introduce an equilibrium model that combines grid operational
concerns with the short-term competitive behavior of generation firms. An
iterative solution technique is proposed to provide a Nash solution where
each optimization problem is solved globally. This solution is then used
to inform an overarching transmission planning model that we solve using
derivative-free optimization. Using a decongested network as a benchmark,
numerical results indicate a non-alignment of the objectives of planning and
operational entities, whereby easing line congestion may not offer monetary
benefits to the wholesale consumer.

• Extensions of models to facilitate new economic principles were given in
[32] and [9]. The first paper proposed to open up the bidding structure to
allow for more forms of bids that reflect realistic demand characteristics
and behaviors. We proposed additional bid types that allow time-shiftable
demand to better express its value, and thus to elicit demand response in the
most natural way – direct participation in the market. In the second paper
[9], we outlined a computational approach for efficiently solving an MPEC
problem that implements a FERC policy for demand response. The paper
was in review for a long time since the policy itself was controversial, and
the paper was finally accepted when the Supreme Court upheld the rule,
thereby creating a need for computational techniques to implement it.

• In conjunction with Elizabeth Ritz at Stanford, we revisited and applied
some of the complementarity models developed under predecessor AFOSR
grants to more realistic and larger scale instances of fault geometry. The

4
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solution of these instances required changes to the actual models, minor
extensions of some of the features captured, and solution of much larger
practical instances. The published paper [33] documents this computational
study.

• We continued to investigate the use of optimization techniques within (spa-
tially) coupled systems for environmental issues. The work involved opti-
mization models of coupled systems including those for fish barrier removal
(see [3]), joined with mechanisms to allow decision makers to collectively
understand and adapt decision processes (see [1]). Key contributions in-
volved building large scale optimization models of interacting systems us-
ing a hierarchical approach, along with tools to enable domain specialists to
adapt data and interfaces to improve overall system optimization.

• After the day-ahead market is cleared and before the real-time market is
started, Independent System Operator (ISO) uses a Reserve Adequacy As-
sessment (RAA) process to determine supplemental unit commitments to
meet the hourly forecasted load and reserve requirements for the next op-
erating day. The paper [5] presented a stochastic programming model for
the RAA process to manage the net load uncertainty. Due to the large size
of ISO systems and the increasing net-load variability caused by increasing
penetration of renewable resources, the problem is computationally chal-
lenging. We developed an effective scenario reduction technique, Deran-
domization (or Derand), to identify a small number of scenarios that extract
key and unbiased information from the distributions of uncertain variables.
Numerical testing results showed that the stochastic model with only 3 or 5
scenarios outperforms its deterministic counterpart by a significant margin,
yielding lower expected cost and fewer constraint violations. Results also
showed that the Derand method outperforms several conventional scenario
reduction methods, and the solution quality is comparable to the cost based
scenario-reduction technique but with less computational effort.

• The paper [2] developed a new implementation of a Benders’ method for
solving a large scale security constrained electricity dispatch problem. This
paper models the security-constrained economic dispatch problem with post-
contingency corrective actions. At the time of this development, the work
was under consideration by ISO-NE as a new methodology for their daily
operations due to the speed and the additional features that a sophisticated

5
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implementation allow. In the nonlinear AC setting, the model is a large-
scale nonconvex problem and is difficult to solve. A novel solution approach
was proposed to deal with the scale and nonconvexity issues separately and
effectively. The key extension proposed in [6] was to approximate the non-
convex AC feasibility problem with its semidefinite programming (SDP)
relaxation and use these SDP models as a convex subproblem within a Ben-
ders’ decomposition framework. Numerical experiments demonstrated the
superior solution quality of this approach and its tractability for IEEE test
cases, while suggesting future work for computational improvements on
large-scale problems.

• Large-scale electric power system analysis depends upon representation of
vast numbers of components whose individual models must be populated
with parameters. The challenge of populating such component models is
particularly apparent in optimal power flow applications, in which incor-
rect parameters and/or constraint limits can yield overall system representa-
tions with either unrealistically large feasible regions or an empty feasible
set. Unfortunately, many data sets, particularly those of publicly available
test cases, were originally developed to illustrate simpler power flow only
applications, and may contain unrealistic values or wholly omit important
constraint limits. The paper [7] describes engineering-based approaches
to obtain credible estimates for parameters and limits associated with line-
flow constraints and generator capability curves, as may be employed in a
number of steady state analyses such as the optimal power flow. These can
substitute for missing or unrealistic data in test systems for which more fully
detailed, “real-world” component specifications and limits are not available,
and thereby make such test systems more valuable as research tools.

• The correspondence of competitive partial equilibrium with a social opti-
mum is well documented in the welfare theorems of economics. These
theorems can be applied to single-period electricity pool auctions in which
price-taking agents maximize profits at competitive prices, and extend nat-
urally to standard models with locational marginal prices. In hydro-thermal
markets where the auctions are repeated over many periods, agents seek
to optimize their current and future profit accounting for future prices that
depend on uncertain inflows. This makes the agent problems multistage
stochastic optimization models, but perfectly competitive partial equilib-
rium still corresponds to a social optimum when all agents are risk neutral

6
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and share common knowledge of the probability distribution governing fu-
ture inflows. The situation is complicated when agents are risk averse. In
this setting, the paper [8] showed under mild conditions that a social opti-
mum corresponds to a competitive market equilibrium if agents have time-
consistent dynamic coherent risk measures and there are enough traded mar-
ket instruments to hedge inflow uncertainty. We illustrated some of the con-
sequences of risk aversion on market outcomes by using a simple two-stage
competitive equilibrium model with three agents.

• The paper [4] deals with reduction of an affine variational inequality posed
over a polyhedral convex set in n-dimensional Euclidean space. It is often
the case that this underlying set has dimension less than n, or has a nontrivial
lineality space, or both. We showed that when the variational inequality
satisfies a well known regularity condition, we can reduce the problem to the
solution of an affine variational inequality in a space of smaller dimension,
followed by some simple linear-algebraic calculations. The smaller problem
inherits the regularity condition from the original one, and therefore it has a
unique solution. The dimension of the space in which the smaller problem
is posed equals the rank of the original set: that is, its dimension less the
dimension of its lineality space.

2.4 June 2016 – May 2017
• The paper [11] gives a short proof of a key lemma about polyhedral convex

sets. Suppose C is such a set in Rn and that z∗ ∈ Rn is a point such that
the inner product ⟨z∗,c⟩ has a finite maximum over c ∈ C. The set M of
maximizers of ⟨z∗, · ⟩ on C is then a nonempty face F of C. The lemma
says that there is a neighborhood N of z∗ such that if y∗ ∈ N then the set of
maximizers on C of ⟨y∗, · ⟩ is the set of maximizers on F of ⟨y∗, · ⟩. Thus,
small perturbations of the point z∗ produce sets of maximizers on C that
always remain in F . This lemma has important applications to, among other
problems, the behavior of affine variational inequalities.

• In [10], we investigate a model of Cournot-Nash-Walras (CNW) equilib-
rium where the Cournot-Nash concept is used to capture equilibrium of an
oligopolistic market with non-cooperative players/firms who share a certain
amount of a so-called rare resource needed for their production, and the
Walras equilibrium determines the price of that rare resource. We prove

7
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the existence of CNW equilibria under reasonable conditions and examine
their local stability with respect to small perturbations of problem data. In
this way we show the uniqueness of CNW equilibria under mild additional
requirements. Finally, we suggest some efficient numerical approaches and
compute several instances of an illustrative test example.

• We continued to investigate the use of optimization techniques within (spa-
tially) coupled systems for environmental issues. The paper [12] considers
the identification of areas within a landscape that facilitate incompatible
species habitat conservation.

The work in [15] extends previous models from this grant involving opti-
mization models for fish barrier removal. Structures that block movement of
fish through river networks are built to serve a variety of societal needs, in-
cluding transportation, hydroelectric power, and exclusion of exotic species.
Due to their abundance, road crossings and dams reduce the amount of habi-
tat available to fish that migrate from the sea or lakes into rivers to breed.
The benefits to fish of removing any particular barrier depends on its loca-
tion within the river network, its passability to fish, and the relative posi-
tion of other barriers within the network. Balancing the trade-offs between
ecological and societal values makes choosing among potential removal
projects difficult. To facilitate prioritization of barrier removals, we devel-
oped an online decision support tool (DST) with three functions: (1) view
existing barriers at various spatial scales; (2) modify information about bar-
riers, including removal costs; and (3) run optimization models to identify
portfolios of removals that provide the greatest amount of habitat access for
a given budget. Our DST enables organizations to develop barrier removal
priorities based on cost-effectiveness in restoring aquatic connectivity.

• In the computer design industry, the paper [13] shows how to use tech-
niques from mathematical optimization to manage the design complexity of
on-chip network problems. We show how three previously studied design
problems–memory controller placement, resource allocation in heteroge-
neous on-chip networks, and the combination of these two problems–can
be formulated as mathematical optimization problems. Standard solvers
can then determine optimal solutions in minutes, rather than the hours or
days needed for brute force, randomized search, or genetic algorithms. De-
tailed simulation–using synthetic traffic, micro-benchmarks, and real life
applications–show that our mathematically optimal designs provide better

8
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performance than did previous solutions. Our work provided further evi-
dence towards the suitability of optimization models in searching/pruning
architectural design space.

• In [14] we looked into conventions for naming in scientific codes and their
long term resilience. Names in programming are vital for understanding the
meaning of code and big data. We define Code2Brain-Interfaces (C2BIFs)
as maps in compilers and brains between meaning and naming syntax, help-
ing to understand executable code. While working towards an Evolvix syn-
tax for general purpose programming that makes accurate modeling easy
for biologists, we observed how names affect C2BIF quality. We present
the Evolvix BEST Names concept for reducing Naming priority conflicts,
test it on a real challenge by Naming subfolders for the Project Organization
Stowing Tool (POST) system, and provide Naming questionnaires designed
to facilitate C2BIF debugging by improving names used as keywords in a
programming language.

• The paper [16] investigates a new class of congestion games, called Totally
Unimodular Congestion Games, in which the strategies of each player are
expressed as binary vectors lying in a polyhedron defined using a totally
unimodular constraint matrix and an integer right-hand side. We study both
the symmetric and the asymmetric variants of the game. In the symmet-
ric variant, all players have the same strategy set, i.e. the same constraint
matrix and right-hand side. Network congestion games are an example of
this class. Fabrikant et al. proved that a pure Nash equilibrium of symmet-
ric network congestion games can be found in strongly polynomial time,
while the asymmetric network congestion games are PLS-complete. We
give a strongly polynomial-time algorithm to find a pure Nash equilibrium
of any symmetric totally unimodular congestion game. We also identify
four totally unimodular congestion games, where the players’ strategy sets
are matchings, vertex covers, edge covers and stable sets of a given bipartite
graph. For these games we derive specialized combinatorial algorithms to
find a pure Nash equilibrium in the symmetric variant, and show the asym-
metric variant is PLS-complete.

• Conservation planning aims to optimize outcomes for select species or ecosys-
tems by directing resources toward high-return sites. The possibility that lo-
cal benefits might be increased by directing resources beyond the focal area

9
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is rarely considered. In [17], we present a case study of restoring river con-
nectivity for migratory fish of the Great Lakes Basin by removing dams and
road crossings within municipal jurisdictions versus their broader water-
sheds. We found that greater river connectivity could often be achieved by
considering both intra-jurisdictional and extra-jurisdictional barriers. Our
study underscores the local-scale benefits of broadening restoration invest-
ments, especially for decision makers of the Great Lakes Basin and con-
tributes to a discussion of appropriate and efficient scales of conservation
planning.

• Affine variational inequalities (AVI) are an important problem class that
generalize systems of linear equations, linear complementarity problems
and optimality conditions for quadratic programs. The paper [18] describes
PATHAVI, a structure-preserving pivotal approach, that can process (solve
or determine infeasible) large-scale sparse instances of the problem effi-
ciently, with theoretical guarantees and at high accuracy. PATHAVI im-
plements a strategy that is known to process models with good theoretical
properties without reducing the problem to specialized forms, since such
reductions may destroy structure in the models and can lead to very long
computational times. We demonstrated formally that PATHAVI implicitly
follows the theoretically sound iteration paths, and can be implemented in a
large scale setting using existing sparse linear algebra and linear program-
ming techniques without employing a reduction. We also extended the class
of problems that PATHAVI can process. The paper demonstrated the ef-
fectiveness of our approach by comparison to the PATH solver used on a
complementarity reformulation of the AVI in the context of applications in
friction contact and Nash Equilibria problems. PATHAVI is a general pur-
pose solver, and is freely available under the same conditions as PATH.

2.5 June 2017 – May 2018
• Typical formulations of the optimal power flow (OPF) problem rely on what

is termed the bus-branch model, with network electrical behavior summa-
rized in the Ybus admittance matrix. From a circuit perspective, this ad-
mittance representation restricts network elements to be voltage controlled
and limitations of the Ybus have long been recognized. A fixed Ybus is un-
able to represent an ideal circuit breaker, and more subtle limitations appear
in transformer modeling. In power systems parlance, more detailed ap-
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proaches to overcome these limitations are termed node-breaker representa-
tions, but these are often cumbersome, and are not widely utilized in OPF. In
the paper [19], we develop a general network representation adapted to the
needs of OPF, based on the Sparse Tableau Formulation (STF) with follow-
ing advantages for OPF: (i) conceptual clarity in formulating constraints,
allowing a comprehensive set of network electrical variables; (ii) improved
fidelity in capturing physical behavior and engineering limits; (iii) added
flexibility in optimization solution, in that elimination of intermediate vari-
ables is left to the optimization algorithm. The STF is then applied to OPF
numerical case studies which demonstrate that the STF shows little or no
penalty in computational speed compared to classic OPF representations,
and sometimes provides considerable advantage in computational speed.

• The paper [20] examines three different formulations of AC optimal power
flow problems and compares performance of well-established, general pur-
pose optimization algorithms for each, over different initial conditions. Po-
lar power-voltage, rectangular power-voltage and rectangular current-voltage
are formulated to evaluate ACOPF solution characteristics. The formula-
tions here maintain line flows as explicit variables, and employs summa-
tions of these quantities to impose conservation conditions at each node.
Two representations of line thermal limits are considered, one using real
power (to allow comparisons to DC power flow approximations), and a
more physically-based, ampacity limit using current magnitude. Nonlinear
generator capability curves are represented (D-curves), including options
to allow active and reactive limits dependent on generator voltage. A uni-
form objective function is used throughout, that of minimizing quadratic
generator operating cost curves. Numerical performance case studies are
performed for these formulations over six different classes of initial condi-
tions, evaluating computational time and also robustness of convergence.

• When cells compete for nutrients, those that grow faster and produce more
offspring per time are favored by natural selection. In contrast, when cells
need to maximize the cell number at a limited nutrient supply, fast growth
does not matter and an efficient use of nutrients (i.e. high biomass yield) is
essential. This raises a basic question about metabolism: can cells achieve
high growth rates and yields simultaneously, or is there a conflict between
the two goals? To study the conditions for such rate-yield trade-offs, we
considered in [21] a kinetic model of E. coli central metabolism and de-
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termined flux distributions that provide maximal growth rates or maximal
biomass yields. Using a new modeling method called Enzymatic Flux
Cost Minimization (EFCM), we predict cellular growth rates and find that
growth rate/yield trade-offs and the ensuing preference for enzyme-efficient
or substrate-efficient metabolic pathways are not universal, but depend on
growth conditions such as external glucose and oxygen concentrations.

• Conservation practitioners face difficult choices in apportioning limited re-
sources between rare species (to ensure their existence) and common species
(to ensure their abundance and ecosystem contributions). In [22], we quan-
tified the opportunity costs of conserving rare species of migratory fishes
in the context of removing dams and retrofitting road culverts across 1,883
tributaries of the North American Great Lakes. Our optimization models
show that maximizing total habitat gains across species can be very effi-
cient in terms of benefits achieved per dollar spent, but disproportionately
benefits common species. Conservation approaches that target rare species,
or that ensure some benefits for every species (i.e., complementarity) enable
strategic allocation of resources among species but reduce aggregate habitat
gains. Thus, small habitat gains for the rarest species necessarily come at the
expense of more than 20 times as much habitat for common ones. These op-
portunity costs are likely to occur in many ecosystems because range limits
and conservation costs often vary widely among species. Given that com-
mon species worldwide are declining more rapidly than rare ones within
major taxa, our findings provide incentive for triage among multiple worthy
conservation targets.

• Invasive species are a leading global cause of native biodiversity decline.
Controlling invasive species is critical for conservation, but involves trade-
offs such as diversion of resources away from other efforts and unintended
negative effects. In [23], we present a compelling case with global rele-
vance to balancing conservation outcomes. The intensity and duration of
sea lamprey control in the North American Great Lakes creates a unique
opportunity to understand best approaches to balance the negative and pos-
itive consequences of conservation. We show one important case where
control of an invasive species has greatly infringed on potential benefits
to desirable species with high conservation and monetary restoration costs.
Consequently, our results emphasize the importance of research on the biol-
ogy and geography of target species and of using multiple complementary
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approaches to conservation to benefit desirable species while minimizing
the spread of invasives.

• A hallmark of industrialization is the construction of dams for water man-
agement and roads for transportation, leading to fragmentation of aquatic
ecosystems. Many nations are striving to address both maintenance back-
logs and mitigation of environmental impacts as their infrastructure ages. In
[24], we test whether accounting for road repair needs could offer opportu-
nities to boost conservation efficiency by piggybacking connectivity restora-
tion projects on infrastructure maintenance. Using optimization models to
align fish passage restoration sites with likely road repair priorities, we find
potential increases in conservation return-on-investment ranging from 17%
to 25%. Importantly, these gains occur without compromising infrastructure
or conservation priorities; simply communicating openly about objectives
and candidate sites enables greater accomplishment at current funding lev-
els. Society embraces both reliable roads and thriving fisheries, so overcom-
ing this coordination challenge should be feasible. Given deferred mainte-
nance crises for many types of infrastructure, there could be widespread
opportunities to enhance the cost effectiveness of conservation investments
by coordinating with infrastructure renewal efforts.

Due to a lack of resources, conservation organizations often depend on one
species to indicate the presence of another. While extensive research has
gone into methods for selecting these indicator species, few studies have
directly measured the performance of indicator species in guiding conser-
vation actions. In [28], we evaluated whether a small number of indicator
species could be used to select barrier removal projects to restore breeding
habitat access for migratory fishes in the highly fragmented tributaries of
the North American Great Lakes. First, we used a newly-developed data
set of the historical distributions of 35 species of native anadromous fishes
to identify five clusters of co-occurring species, and then selected an indi-
cator species for each cluster based on within-group co-occurrence. Next,
we evaluated the utility of these five indicator species for guiding conserva-
tion projects, by using upstream habitat and removal costs for over 100,000
dams and road culverts across 1,800 tributaries of the Great Lakes. We
compared the potential increase in accessible tributary habitat for each of
the 35 native migratory species when barrier removals were prioritized to
maximize benefits for 1) each species itself and 2) one of the five indica-
tor species. We found that, for the majority of species, habitat gains from
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indicator-based project selection were at least 75% of the gains possible un-
der species-specific planning. However, a few species received little habitat
gain when indicators were used to choose projects. Overall, our findings
suggest that indicator species can be an efficient basis for planning restora-
tion efforts for a majority of the species of migratory fishes in the Great
Lakes.

• In [25], we introduce an extended mathematical programming framework
for specifying equilibrium problems and their variational representations,
such as generalized Nash equilibrium, multiple optimization problems with
equilibrium constraints, and (quasi-) variational inequalities, and comput-
ing solutions of them from modeling languages. We define a new set of
constructs with which users annotate variables and equations of the model
to describe equilibrium and variational problems. Our constructs enable a
natural translation of the model from one formulation to another more com-
putationally tractable form without requiring the modeler to supply deriva-
tives. In the context of many independent agents in the equilibrium, we fa-
cilitate expression of sophisticated structures such as shared constraints and
additional constraints on their solutions. We define a new concept, shared
variables, and demonstrate its uses for sparse reformulation, equilibrium
problems with equilibrium constraints, mixed pricing behavior of agents,
and so on. We give some equilibrium and variational examples from the
literature and describe how to formulate them using our framework. Exper-
imental results comparing performance of various complementarity formu-
lations for shared variables are given. Our framework has been implemented
and is available within GAMS/EMP.

• In [26], we revisit the correspondence of competitive partial equilibrium
with a social optimum in markets where risk-averse agents solve multistage
stochastic optimization problems formulated in scenario trees. The agents
trade a commodity that is produced from an uncertain supply of resources
which can be stored. The agents can also trade risk using Arrow-Debreu
securities. In this setting we define a risk-trading competitive market equi-
librium and prove a welfare theorem: competitive equilibrium will yield a
social optimum (with a suitably defined social risk measure) when agents
have nested coherent risk measures with intersecting polyhedral risk sets,
and there are enough Arrow-Debreu securities to hedge the uncertainty in
resource supply. We also give a proof of the converse result: a social op-
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timum with an appropriately chosen risk measure will yield a risk-trading
competitive market equilibrium when all agents have nested strictly mono-
tone coherent risk measures with intersecting polyhedral risk sets, and there
are enough Arrow-Debreu securities to hedge the uncertainty in resource
supply.

• In [27], we present a mixed complementarity problem (MCP) formulation
of continuous state dynamic programming problems. We write the solution
to the standard value function iteration (VFI) using projection as a Nash
equilibrium between the approximation agent of the value function; and the
maximization agent of the Bellman equation. The MCP approach replaces
the iterative component of VFI with a one-shot solution to a square sys-
tem of complementary conditions. Three numerical examples illustrate our
approach and demonstrate that DP-MCP can significantly reduce the time
required to solve VFI, without sacrificing model detail or solution accuracy.

• In [29] we present a stochastic optimization problem for a strategic major
consumer who has flexibility over its consumption and can offer reserve.
Our model is a bi-level optimization model (reformulated as a mixed-integer
program) that embeds the optimal power flow problem, in which electricity
and reserve are co-optimized. We implement this model for a large con-
sumer of electricity in the New Zealand Electricity Market (NZEM). To
reduce the solution time of the large mixed integer program, we explore
the specific properties of the optimal power flow to reformulate the model.
We show that by adding further constraints to tighten the LP relaxation we
manage to improve the performance of the model.

• Global population and income trends continue to increase world food de-
mand and an upscaling of diets to include more animal proteins. In re-
sponse, cost and efficiency driven intensification of cropping and livestock
operations has created substantive environmental concerns including de-
forestation, mono-culture versus diversified production systems, increased
use of carbon intensive chemicals, increased greenhouse gas emissions,
pathogen and antibiotic resistance health concerns, and nutrient runoff lead-
ing to large scale eutrophication and algal blooms. The paper [30] shows
that management of nutrients within commodity crop and livestock pro-
duction can provide improved agricultural sustainability. Specifically, op-
timization and data driven models are used to improve economic and en-
vironmental performance using a combination of nutrient cycling, reduced
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chemical fertilizer application, and logistical enhancements due to manure
separation and precision nutrient blending/application technology. Farm
field level data from regulatory instruments can be incorporated into a pro-
cess model foundation using a sophisticated, large scale, mixed integer pro-
gramming approach to generate a rich, linked decision space for evaluating
economic and environmental performance tradeoffs. The paper also details
how the operational model can be enhanced to include new environmental
constraints that are more in line with the long term health of the land, air
and water supply, and furthermore shows how the model can be used to
quantify the costs of implementing new policies within an optimized sys-
tem. In particular, the model can elucidate key strategic tradeoffs that can
be used to understand the costs and effects of separation, and can demon-
strate the utility of these approaches in dealing with increased regulation of
organic nitrogen and dry matter. It also provides policy makers with science
and data-based mechanisms to value the impact of specific regulations on
both typical and specific farm setups, in a way that can be used directly in a
regulatory setting.
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